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Abstract:
The relationship between the size of a cell and the size of its intracellular
structures must be precisely regulated for proper development and functioning of the
mature organism; however, the mechanisms that establish and maintain this relationship
are not known. Much of the work on organelle size scaling has focused on individual
cells or organelles, with some looking at how size scaling is maintained during
development. However, it is not known whether the size of multiple organelles is
coordinately regulated, and how cell size and organelle size are regulated within a
syncytium or group of connected cells. Because many cell types exist within a
syncytium, understanding size scaling in this context is important. We have used the
developing fruit fly egg chamber as a model system to study the size relationship
between multiple structures within the germline syncytium throughout oogenesis. The
developing egg chamber contains a cluster of 16 germ cells connected by intercellular
bridges, or ring canals. It has been observed that the size of the germline ring canals
exhibits spatial variation with the smallest ring canals at the anterior of the egg chamber
and the largest ring canals at the posterior near the oocyte. Recent work has also
confirmed that nurse cells and their nuclei show a similar size distribution within the
germline. Therefore, it is interesting to consider whether the size of these structures may
be coordinately regulated, and whether altering the size of one structure (either
throughout the germline or clonally) would impact the size of the other structure. We
have used a combination of RNAi (Pendulin, Dacapo, or Ctf4), overexpression
(Pendulin) and mosaic analysis (myc and arpC1) to try to alter either nuclear size or ring
canal size in some or all cells within the germline. We used Fiji to measure the diameter
of the ring canals, the size of the nurse cell nuclei (which has been used as a proxy for
cell size), and the overall dimensions of the egg chamber. Preliminary data suggest that
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altering nuclear size within the entire germline does impact ring canal size, and that in
mosaic tissue, there is typically a correlation between cell size, nuclear size, and ring
canal size. In the future, we hope to further explore whether the size of these structures
is coordinately regulated, and if so, to identify the underlying mechanisms that are
involved.

Introduction:
All life consists of complex levels of organization and, to support the fitness of the
organism, all levels must be maintained to function together (Irvine and Harvey 2015).
Whether an organ must fit inside of a body cavity or a nucleus must fit inside of a cell,
the size of each structure must be regulated in a way that maintains its function
(Amodeo and Skotheim 2016). The relationship between the growth of a structure and
the overall growth of an organism is known as allometry, and allometric differences have
a strong influence on the diversity of organism morphology (Anzai 2017). Although this
term is well defined, much research on allometry has been on a macro scale because
these traits are easily measurable, such as the relationship between body weight and
chest girth of several species or the growth of an appendage compared to the overall
growth of the organism (Anzai 2017). Improved imaging and measuring technology has
become a powerful tool to examine scaling at sub-cellular levels. Since improper scaling
of organelles or structures within cells is linked to abnormal cell function or behavior,
such as cancer, determining allometric relationships at the cellular level is important to
treating these size related diseases.
Although organelle size is linked to function and overall cell behavior/ viability, we
see that the ratio of the organelle-to-cell size is even more critical to maintain than the
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absolute size of the organelle (Reber and Goehring 2015). This suggests that many
cellular processes depend on proper scaling ratios. For example, one would assume that
larger cells, such as eggs, would contain more organelles and larger intracellular
structures than smaller cells (Amodeo and Skotheim 2016). Although this seems like a
straightforward assumption, the relationship between cell size and the number and size
of its organelles during development is not well characterized (Yang and Xu 2011,
Uppaluri et. al. 2016). Describing new scaling relationships is the first step in
understanding the many molecular processes that govern proper cell function.
One of the largest cell types within a multicellular organism is the egg (oocyte).
Proper egg formation and maturation is essential for reproduction; eggs must be able to
regulate many processes prior to fertilization such as progression through the cell cycle
and cellular metabolism, and once fertilization occurs, the contents of the egg are
required for early embryo development (Virant-Klun, et. al. 2013). Interestingly, the size
of the egg often determines its viability and fitness. However, the scaling relationship
between the size of the egg and the size/number of its organelles has not been
characterized.
We have used the fruit fly egg chamber as a model to study intracellular scaling
during development. Oogenesis is difficult to study in many organisms because egg
development occurs prior to birth in vertebrates. For the fruit fly, oogenesis occurs in the
adult female fly within the ovaries, which are easy to dissect. Within each ovary there are
about 16-20 ovarioles each holding an assembly line of developing eggs, or egg
chambers, at various stages. Formation of the egg chamber begins when a germline
stem cell divides into two daughter cells one of which is known as a cystoblast. This
cystoblast will then undergo four mitotic divisions, but it will not completely divide due to
incomplete cytokinesis. These divisions will produce a syncytium of 16 germ cells all
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connected through cytoplasmic bridges known as ring canals (Gorjanacz et. al. 2002).
Ring canals act as tunnels or channels that allow the connected cells to pass along their
cellular content like proteins, ribosomes, mRNA, etc to each other (Alsous et al. 2017).
Of the connected 16 cells, one differentiates into an oocyte and the rest become nurse
cells that will pass along nutrients through their ring canals to support the growth of the
oocyte (Gorjanacz et al 2002).
It has been observed that the germline ring canals exhibits spatial variation in
size with the smallest ring canals at the anterior of the egg chamber and the largest ring
canals at the posterior near the oocyte; recent work has confirmed that the size of the
nurse cells and their nuclei shows a similar spatial pattern (Doherty et al. 2021 ). This led
us to question whether the size of these two structures could be coordinately regulated,
or whether it was all based-on nurse cell size or the overall size of the developing egg
chamber. The term coordinately regulated means the scaling of the structures are
maintained together through out development. This could be scaling change in response
to tissue growth or development, but I am investigating change by the ability of one
structure to sense the size difference of another and adjust its size accordingly.
Therefore, I have used a combination of RNAi and mosaic analysis to try to alter either
nuclear size or ring canal size to determine whether we see a similar change in the size
of the other structure.
Studies from other organisms show that altering the levels of nuclear import
proteins can alter nuclear size (Jevtic et al. 2019). For example, the importin alpha
protein is essential in the recognition and binding of nuclear localization signals (NLS)
that are attached to cargo proteins to be imported to the nucleus. Increasing importin
alpha levels led to increased nuclear size (Weis 1998). Preliminary data showed that
altering levels of the fly homolog of importin alpha, Pendulin (Pen), led to changes in
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both nuclear area and ring canal diameter at stage 10 of oogenesis (U. Shaikh).
Interestingly, although there is no visible localization of Pendulin to the ring canals, pen
mutantant egg chambers contain ring canals that are partially obstructed leading to a
lack of transport into the oocyte (Gorjanacz et al. 2002). This suggests that Pen could
play a role in regulating the size and structure of both the nurse cell nuclei and ring
canals.
In addition to Importin alpha, other proteins likely regulate nuclear size in the
germline of the developing egg chamber. For example, the protein, Dacapo (Dap), is
known to directly affect nuclear size by regulating the DNA replication cycle during
endocycling. Endocycling, which involves DNA replication without mitosis, is essential for
egg formation because it produces highly polyploid nurse cells and follicle cells during
oogenesis (Hong et al. 2007, Ren et al. 2020). Nurse cells amplify genes that produce
ribosome subunits and mRNA that will eventually help support the oocyte. Endocycling
occurs in an oscillating pattern, in which a signal is upregulated to initiate replication and
then a different molecule increases to stop replication. This go-stop pattern occurs so
that the replication molecules have time to detach and then reattach to the origins of
replication to ensure that the genome can be properly copied. Dacapo, a CDK (cyclin
dependent kinase) inhibitor, regulates the cyclin E protein which is essential for
progression of the nurse cell into S phase of the cell cycle (Doherty et al. 2021). Cyclin E
and Dacapo work together in an oscillating cycle to promote DNA replication (Lily and
Duronio 2005). When Cyclin E levels are high and Dacapo levels are low, the nurse cell
progresses through S phase. However, when the Cyclin E levels are low, Dacapo levels
are high, and the replication cycle pauses in S phase. This pause, known as the gap
phase, allows for the reset of proteins to origins of replication prior to additional rounds
of the endocycle. Altering the levels of Cyclin E or Dacapo would alter progression
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through the endocycle (Lily and Duronio 2005). For example, continuous expression of
Cyclin E prevents endocycle progression, and the over expression of Cyclin E in Dap
mutant cells results in smaller nuclei because they lack the safeguards that ensure
proper replication of the genome (Hong et al. 2007, Lily and Duronio 2005). Within the
germline there is a high level of Dacapo protein in posterior nurse cells closer to the
oocyte than in the nurse cells further away at the anterior (Doherty 2021). This gradient
of Dacapo protein may contribute to the differences in nurse cell nuclear sizes, and
altering Dap levels may provide another way to alter intracellular scaling.
Another protein that is involved in DNA replication is Ctf4. Similar to Dacapo,
altering the levels of Ctf4 directly affect nuclear size by regulating DNA replication during
endocycling. Ctf4 is conserved across all organisms and has been shown, in Drosophila,
that it is required for S phase progression. It is a member of the replication fork complex
and links DNA helicase to DNA polymerase which is essential for proper reading of the
strand (Gosnell and Christensen 2011). Ctf4 null cells contain smaller, abnormal nuclei
within nurse cells (Gosnell and Christensen 2011). Therefore, depletion of Ctf4 could
provide another way to alter nuclear size.
In addition to altering protein levels across the germline, egg chambers offer a
unique opportunity to generate mosaic germlines, which contain homozygous mutant
cells in an otherwise heterozygous mutant background. Mosaic tissues allow us to
directly compare wild type and mutant cells within a single egg chamber. Preliminary
data showed that egg chambers with mosaic germlines (containing a mixture of GFPlabeled wild type cells and cells that were homozygous for a mutation in dock, which is
known to regulate ring canal size) contained a mixture of cells of different sizes.
Interestingly, the size of the ring canals and nurse cell nuclei correlated with cell size in
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these egg chambers. This suggests that ring canal and nuclear size could be correlated
with cell size in mosaic germlines.
In this study, I altered various proteins either throughout the germline or within a
few cells in the syncytium to change the size of either the nurse cell nuclei or the ring
canal. These manipulations caused nuclear and ring canal size to change in similar
ways (ie. the nuclear area increased with one condition and the ring canal diameter also
increased in that same condition). This suggests that these structures could be
coordinately regulated.

Methods:
Fly genetics and maintenance
The GAL4/UAS system was used to deplete or over-express proteins in the
germline. This system works by crossing two lines of flies, one known as the driver line
which contains a transcription factor gene known as GAL4 under the control of a tissue
specific promoter. The second line, known as the responder line, contains an upstream
activating sequence (UAS) that the GAL4 transcription factor binds to upstream of either
a cDNA sequence (to over-express a protein of interest) or a sequence that can be
transcribed into a dsRNA that will deplete a target protein.
Two GAL4 lines were used; MTD-GAL4 (the maternal triple driver) which shows
-GAL4
(maternal-alpha tubulin) which begins expression of GAL4 in the germline around stage
2 and persists throughout oogenesis. To deplete or over-express Pendulin in the
germline, UAS-Pen or UAS-pen-RNAi flies were crossed with mat Tub-GAL4. To
deplete Ctf4 or Dacapo, UAS-ctf4-RNAi or UAS-dacapo-RNAi was crossed with MTDGAL4. w1118 crossed to the same GAL4 was used as the control for each experiment.
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Female progeny from crosses were incubated in the presence of males and ground
yeast at 25oC for 48-72 hours prior to dissection.
The FLP/FRT system was used to generate mosaic germlines. The FLP/FRT
system is a site directed recombination technology based on the use of a recombination
enzyme called Flipase (FLP). Flipase induces recombination at specific DNA regions
known as the Flipase recognition target sites (FRT sites). This method offers the ability
to activate recombination in vivo during development by expressing FLP in a specific
tissue using a tissue specific promoter or by inducing expression with a heat shock
promoter. The mutation of interest will be on a chromosome that contains an FRT site,
and the homologous chromosome will contain the same FRT site but with either the
coding sequence for GFP or RFP (with a nuclear localization signal). Therefore,

signal, and the heterozygous cells will have a
weaker GFP or RFP signal. FLP recombinase was induced through heat shock at 37 oC.
F1 larvae were heat shocked at 37 oC for 1-2 hours a day for multiple days. Female flies
of the appropriate genotype were incubated with males and ground yeast for 48 hours at
25 oC prior to dissection.

Dissections and staining procedure
After incubation the ovaries were dissected in S2 medium under a
stereomicroscope. Ovarian tissue was fixed with a 4% formaldehyde solution (in PBS)
for 15 min and washed with PBS plus 0.1 1% Triton X-100. The tissue was stained with
DAPI (1:500 dilution) to label DNA, phalloidin (1:500 dilution) to label actin, and HtsRCantibody (1:20) to label ring canals. Fluorescent secondary antibodies were used at a
1:200 dilution. All antibody dilutions were made in PBS plus 0.3 1% Triton X-100 and 5
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mg/ml BSA. After antibody incubation, the tissue was washed with PBS plus 0.1 1%
Triton X-100 and mounted on a slide.

Imaging and analysis
All images were collected using a Leica DM5500B compound fluorescence
microscope with Leica DFC7000T camera with a motorized z-stage. Z-stacks were
collected through the thickness of the egg chambers. All images were collected with a
20x or 40x dry objective. To quantify ring canal diameter from the Hts-RC stain,
Fiji/ImageJ was used to locate the z-plane where each ring canal was in focus, and the
line tool was used to measure the outer diameter of each ring canal. Ring canals lacking
a clear lumen were not included in the outer diameter measurements. To measure
nuclear area from the DAPI stain, the freehand tool in Fiji/ImageJ was used to trace the
outer perimeter of each nucleus. Statistical analyses (two-tailed t-test, ANCOVA or oneway ANOVA with Tukey Multiple Comparison test) were performed using the Prism 9
software (GraphPad). The number of egg chambers measured, n, varied among
conditions. For the penduline experiment, UAS-Pen (n = 92), pen-RNAi (n = 76), and
w1118 (n = 88). For the ctf4 and dacapo experiments, dacapo-RNAi (n = 83), ctf4-RNAi
(n = 95), w1118 (n = 71).

Results:
Altering Pendulin levels changes nuclear and ring canal sizes:
Previous research has found a size gradient in ring canals and nurse cell nuclei
across the developing egg chamber with larger nuclei and ring canals at the posterior
(Doherty et al. 2021). To test whether these structures were coordinately regulated, we
focused on stages 5-10b of egg chamber development because during this time, nurse
cells, ring canals, and the overall egg chamber undergo significant growth. Initially, we
11

depleted or overexpressed proteins that we predict will affect nuclear size throughout the
germline.
I began by depleting or over-expressing importin alpha, or Pendulin. Based on
preliminary data and studies in other organisms, we predicted that the over expression
of Pendulin (UAS-pen) would increase nuclear size and in turn increase ring canal size
(Fig. 1a) and that Pendulin knock down (pen-RNAi) would result in smaller nuclei and
ring canals. We found that altering Pendulin levels did alter nuclear size (Fig. 2a), but not
in the ways that we predicted. Specifically, depletion of Pen led to significantly larger
nuclear area at some stages and over-expression of Pen resulted in significantly smaller
nuclei at some stages (Fig 2a). We did not see a consistent significant difference
compared to controls; some stages are different, and some are not. Although altering
Pendulin levels did change nuclear size, there was not a difference in the scaling
coefficient when we compared posterior nuclear area to overall egg chamber volume
(Fig. 2b). This
suggest that
altering Pendulin
levels did not alter
the rate of nuclear
growth compared
to the control
group.
To determine whether altering nuclear size led to changes in ring canal size, I
performed a similar analysis of posterior ring canal diameter within each egg chamber. I
found that altering Pen levels did lead to modest but inconsistent changes in ring canal
diameter (Fig. 3a). For example, ring canal size was not significantly different from
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controls at stages 6, 8, or 10b, but Pen depletion was significantly larger at stages 5 and
8 and Pen over-expression was significantly smaller at stage 7. Furthermore, I found a
significant difference in the scaling of ring canal size with egg chamber volume in egg
chambers depleted of Pendulin (Fig. 3b). This suggests that depletion of Pendulin
reduces the rate of ring canal growth, which had not been previously described, and it
suggests that it is possible to uncouple nuclear growth and ring canal growth using this
manipulation.
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Depletion of Ctf4 or Dacapo also alters nuclear and ring canal size
Because Pendulin has been implicated in regulating ring canal structure, I also
wanted to test whether depletion of other proteins such as Dacapo or Ctf4 could alter
nuclear and ring canal size. Based on studies in the fly and in other organisms, we
predicted that the depletion of Dacapo or Ctf4 (dap-RNAi or ctf4-RNAi) would decrease
nuclear size and in turn decrease ring canal size (Fig 1a). After performing a similar
analysis, I found that depletion of Dap or Ctf4 did alter nuclear size. However, instead of
reducing nuclear area, I saw a more consistent increase compared to the control (Fig.
4a), but as I saw with the Pendulin experiment, these size differences were not
consistent across all stages. However, the scaling of nuclear size with overall egg
chamber volume was not different from the control (Fig 4b). This suggests that although
these manipulation do change nuclear size, it does not change the relative rate of
nuclear growth during development.
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To determine whether altering nuclear size led to changes in ring canal size, I did
the same analysis of posterior ring canal diameter within each egg chamber. I found that
depletion of Ctf4 led to a consistent increase in ring canal diameter through all stages of
oogenesis that I analyzed (Fig. 5a). While depletion of Dacapo did lead to an increase in
ring canal diameter at some stages, this was not consistent. Furthermore, the scaling of
ring canal diameter with overall egg chamber volume was significantly different for the
ctf4-RNAi condition, but not for dap-RNAi (Fig. 5b). This suggests that Ctf4 or nuclear
size may impact the rate of ring canal growth during oogenesis.

Mosaics
So far, we have seen that altering nuclear size throughout the germline can lead
to changes in ring canal size. Next, we want to ask how changing the size of structures
or cells within only part of the germline affected other structures. If nuclear size, cell size,
and ring canal size are coordinately regulated, then altering the size of one structure
within only part of the germline should alter the size of the other structures within just
those affected cells. This experiment was based off the observation made by another
member of the lab (K. Stark) who found that in mosaic dock mutant germlines, the wild
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type cells were smaller than the dock mutant cells and that these smaller wild type cells
contained smaller nuclei and were connected by smaller ring canals.
To test whether other types of mutations could produce a similar phenotype, I
chose to focus on two mutations - arpc1 and myc. Arpc1, a member of the Arp2/3
complex, is known to regulate the size and stability of the ring canals. Depletion or
mutation of Arp2/3 complex members has been shown to lead to the formation of
smaller collapsed ring canals (Thestrup et al. 2020; Hudson and Cooley 2002). The myc
gene has been linked to cell fitness and cell size regulation. When overexpressed, it
causes th

that can not only outgrow the wild type

cells but also induce death of nearby cells (Johnston 2014). Myc is a transcription factor
that activates genes involved in ribosome biogenesis and translation which are central to
growth and proliferation of a cell (Gallant 2013). I predicted that aprc1 mutant cells would
be smaller, have smaller nuclei and smaller ring canals compared to wild type cells (Fig.
1b) and that myc mutant cells would be smaller, have smaller nuclei and smaller ring
canals compared to wild type cells (Fig.1b).
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Since the frequency of mosaic germline production is low, I looked at egg
chambers across all stages of oogenesis for each mutant. Still, I only produced a few
egg chambers with the desired mosaic phenotype per condition. I observed that the myc
mutant generated the expected mosaic germline where the mutant cells are smaller than
the fluorescently labeled nuclei of wild type (Fig. 6a). We also saw possible ring canal
size change in the mutant cells compared to wild type. In contrast, with the arpc1
mosaics, I observed that the wild type cells (marked with GFP) were smaller and had
smaller nuclei (Fig. 6b) than the arpC1 homozygous mutant cells.

Discussion:
My results partially supported my hypothesis that the nucleus and the ring
canals are coordinately regulated structures within the egg chamber. Altering nuclear
size does not alter the scaling of nuclear area with egg chamber volume during
development (Fig 2b and Fig. 4b). However, we have identified two conditions, Ctf4 and
Pendulin depletion, which may disrupt the scaling of ring canal size with egg chamber
volume (Fig. 3b and Fig. 5b). The pen germline mutant, displayed defects in actin
organization at the ring canals and reduced localization of the ring canal protein, Kelch
(Gorjanacz et al. 2002), and my data showed that depletion of pen disrupts ring canal
scaling. This suggests that Pendulin may have two roles in the germline

regulation of

nuclear size and ring canal structure. However, I have not tested the role other importin
proteins in regulating nuclear size. In the future, I propose to investigate how Pendulin
and Ctf4 affect ring canal size scaling (Fig. 3b and Fig. 5b).
My analysis has also revealed a novel role for Ctf4 in ring canal size regulation.
Since Ctf4 is a known part of the DNA replication complex, one possibility is that proteins
important in ring canal size control are not being properly replicated. However, more
research needs to be done to determine whether Ctf4 plays a more direct role in
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regulating ring canal size, or whether these results could be due to either changes in
nuclear size or reduced amplification of ring canal genes. Because I saw an increase in
nuclear area in the Ctf4 knockdown condition, this suggests that endocycling may still be
occurring (Fig. 4a), but it would be important to determine how depletion of Ctf4 (and
also Dacapo) affects nurse cell ploidy (Doherty et al. 2021, Lily and Duronio 2005, Hong
et al. 2007). As a future direction, I want to identify other conditions that would
consistently reduce nuclear area since I was unable to see that phenotype.
From the mosaic analysis, I found that altering the size of one structure did cause
a change in the size of the other structure (Fig. 7). Although we expected the arpc1
mutant cells to be smaller and have smaller nuclei/ ring canals, I saw instead the wild
type cells had smaller nuclei and ring canals (Fig. 7b). These results, even though
unexpected, still suggest coordination between the two structures. However, to confirm
these observations I need to measure ring canal and nuclear size through the germ line.
Also, because of our small sample size, I still need to produce more mosaics to confirm
these results.
Additional experiments will also be needed to rule out a potential role for the
experimental methods in the mosaic germline phenotypes. For instance, treatment of
flies with a 37°C heat shock, which is used to induce recombination, is known to cause
nurse cell death (Chao and Nagoshi 1999). If the GFP-containing FRT chromosome had
another mutation that made homozygous cells more sensitive to this heat shock, then
-

arpc1 mosaics (Fig. 7b).

Therefore, I would want to expose control flies (with only an FRT-containing
chromosome and not the GFP marker) to the same heat shock protocol and determine
whether I still see size differences in mosaic germlines. I could also test other FRTcontaining chromosomes to determine whether this is specific to the FRT40
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chromosome. Once it is confirmed that the phenotypes are not due to the FRT
containing chromosome or the fluorescent marker, then I would look at other mutants to
see whether a hierarchy might exist. For example, I would test whether the nuclear/cell
size impacts ring canal size or vice versa.
Here, I provide evidence that the nurse cell nuclei and germline ring canals could
be coordinately regulated. Although our results did not have the predicted outcomes,
both the nuclear area and ring canal diameter did change in similar ways. This suggests
that the structures are somehow able to sense the size of the other. Therefore, this
supports my hypothesis that these two structures could be coordinately regulated.
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